In the United States, there are disparities in health between whites and blacks for a broad spectrum of disorders, ranging from adverse birth outcomes to cardiovascular disease (1) (2) (3) (4) (5) . Substantial research demonstrates that differences in socioeconomic status and experiences of discrimination contribute to these disparities (6) (7) (8) (9) (10) (11) . For example, poverty and racial discrimination have been associated with birth weight, risk of depression, and physical health among blacks (8, 12, 13) . Despite these consistent associations, there is still an interest in identifying additional environmental or genetic factors that contribute to racial differences in health in order to eliminate these disparities.
One recently proposed hypothesis is that differences in vitamin D synthesis as a result of skin color variation may contribute to racial disparity in health outcomes (14) (15) (16) (17) (18) . This hypothesis is based on several observations. First, vitamin D insufficiency has been associated with higher risks of pregnancy complications, bone disorders, cardiovascular disease, diabetes, and several types of internal cancers, many of which differentially affect blacks (19, 20) . Second, darker skin is less capable of producing vitamin D given the same ultraviolet (UV) light exposure because more melanin leads to decreased efficiency of provitamin D 3 synthesis (21) . Because approximately 90% of an individual's vitamin D requirements are provided through UV light-induced photosynthesis (22) , it has been suggested that natural variation in skin color may underlie some of the race-based variance in health outcomes affected by vitamin D status. Although provocative, many of the specific predictions of this hypothesis (herein named the UVD hypothesis) have yet to be tested.
Of the different health outcomes that are commonly discussed in the context of the UVD hypothesis, adverse birth outcomes are of particular interest. Vitamin D intake and levels in serum during pregnancy have been associated with offspring birth size (23) (24) (25) and length of gestation (26) and are believed to influence birth outcomes through interactions with placental sex steroid production (27) , calcium homeostasis (28) , inflammation (26) , and changes in glucose/insulin metabolism (29) . Notably, recent research suggests that being born small increases the risk of developing chronic disease in adulthood (30, 31) . Because blacks have much higher rates of low birth weight (LBW) and preterm birth (PTB) than whites (32) , this disparity may partially explain why these groups also have higher rates of cardiovascular disease in later life (33) .
The purpose of this study is to test the UVD hypothesis, which suggests that variation in UV light-induced vitamin D synthesis is an important contributor to disparities in birth outcomes between whites and blacks in the United States. If the UVD hypothesis is correct, then we would predict that higher UV light exposure would be associated with lower rates of adverse birth outcomes overall, as well as lower rates of disparity in these outcomes between whites and blacks. UV light availability as a measure is strongly correlated with vitamin D levels and has been associated with several health disorders (34) (35) (36) (37) (38) (39) . For example, UV light availability has been inversely associated with lung cancer risk in 111 countries (39) , as well as the risk of death from cardiovascular disease, respiratory disease, and stroke in the United States (40) . We collected data on UV light exposure by US state and compared these data with the incidence of LBW and PTB among white and black women across the United States. Other economic and health variables previously associated with adverse birth outcomes, such as income inequality, were included to assess potential confounding. Importantly, the results of this analysis do not address whether UV light exposure has any influence on birth outcomes; instead, they assess whether variation in UV light-induced vitamin D synthesis is a significant contributor to racial disparities in birth outcomes in the United States.
METHODS

Data collection
Data for average UV light exposure (based on the UV index, defined below) were collected for Washington, DC, and all states except geographical outliers, Alaska and Hawaii, as well as Connecticut, from which there were no data available. This yielded a total sample size of 48 states or territories. We used UV index annual time series data obtained from the National Oceanic and Atmospheric Administration National Weather Service web site (41) . The UV index is a forecast of the amount of UV radiation expected to reach the earth's surface when the sun is highest in the sky (at solar noon). This variable is therefore influenced by the sun's elevation in the sky, the amount of ozone in the stratosphere, and the amount of cloud cover. The UV index ranges from 0 at night to 16 in the tropics at high elevations when there is no cloud cover. A mean annual UV index value was calculated for each state by averaging daily values across the year 2007. This value was based on 1 city for the majority of states, but in states where more than 1 index was available (2 were available for California, New York, Pennsylvania, and Texas; 3 were available for Florida), data from the multiple cities were averaged to calculate the state value. Data on average temperature, number of clear days in 2007, and latitude where the UV index data were collected were extracted from the National Oceanic and Atmospheric Association web site (42) using the same method as was used to calculate the UV index values.
Birth outcome data were collected from the Centers for Disease Control and Prevention web site using publicly available data for all births in 2007 (43) . Data were collected for all singleton births to non-Hispanic white mothers (n = 2,222,142) and non-Hispanic black mothers (n = 603,478). The following 2 birth outcome measures were assessed: incidence of LBW (<2,500 g) and incidence of PTB (births occurring before 37 weeks' gestation). Although the majority of infants born preterm will also be LBW, these 2 outcomes were analyzed separately because they are both commonly investigated and reflect slight differences in etiology and long-term health consequences (44, 45) . Gestational age was calculated using last menstrual period data. PTB analysis was limited to noninduced births in order to assess only spontaneous PTB (46 
Statistical analysis
All statistical analyses were conducted using Stata, version 10.0, software (StataCorp LP, College Station, Texas). A univariate analysis was conducted on all variables to assess normality. Data that were not normally distributed (eg, population density) were then log transformed. After stratification of states by high and low latitudes, 2-way t tests were used to compare economic, environmental, and health variables. These same variables were then compared with UV light and birth outcome measures to assess potential relationships. Linear regression was used to test the study hypotheses. The first set of models evaluated the relationship between UV light availability and racial disparity in LBW incidence ( percent non-Hispanic black LBW minus percent non-Hispanic white LBW), as well as the relationship between UV light availability and absolute rates of LBW for both non-Hispanic black and non-Hispanic white women. The second set of models evaluated the relationship between UV light availability and disparities in PTB, as well as absolute rates of PTB for both non-Hispanic black and non-Hispanic white women. Economic and health variables that were correlated with birth outcomes (Gini coefficient, poverty rate, and obesity for LBW; Gini coefficient for PTB) were added to the model to control for potential confounding. Variables were included in the final model only if they were significant predictors of the birth outcome under consideration in order to maximize model fit (52) . The assumption of homoscedasticity was assessed using the Stata estat hettest command. The α level was set to 0.05.
RESULTS
In 2007, 11.8% of all singleton births to black mothers were LBW, compared with 5.3% of births to white mothers. A total of 17.6% of black women gave birth preterm (not medically induced) compared with 10.8% of white women. The racial disparity in the incidence rates of LBW and PTB was significantly higher in southern states, largely driven by higher rates of adverse birth outcomes among black women in the South (for blacks, LBW = 12.1% in southern states vs. 9.3% in northern states, P < 0.0001; for whites, LBW = 5.8% in southern states vs. 4.9% in northern states, P = 0.002; for blacks, PTB = 18.4% in southern states vs. 14.7% in northern states, P < 0.0001; for whites, PTB = 11.9% in southern states vs. 9.9% in northern states, P = 0.001) (Figure 1 ). There was a significant environmental gradient in population size, with a higher number of women giving birth in southern states overall (P < 0.001).
States with greater income inequality had greater disparity in birth outcomes across the UV light spectrum (Figure 2 ). In addition, smoking, obesity, Gini coefficient, poverty rate, UV index value, average temperature, and number of clear days in 2007 were all significantly higher in states at lower latitudes, whereas health care spending was significantly lower in those states (Table 1) . Of the economic, health, and environmental variables, poverty rate, Gini coefficient, latitude, mean annual temperature, and obesity were all significantly correlated with disparity in the rates of LBW (Table 2) . Gini coefficient, latitude, and temperature were all significantly correlated with disparity in the rates of PTB.
The racial disparity in LBW was greater among women living in areas with higher UV light exposure and greater income inequality (for higher UV light exposure, β = 0.007 (standard error (SE), 0.002), P = 0.002; for Gini coefficient, β = 0.34 (SE, 0.11), P = 0.003; adjusted R 2 = 0.37). In this model, a 1-point increase in UV score was associated with a 0.7% greater racial disparity in LBW between black and white women, whereas a 0.1-point increase in Gini coefficient was associated with a 3.4% greater racial disparity in LBW between these groups. When comparing the relationships among UV light exposure, Gini coefficient, and LBW between black and white women, we found that black women were more sensitive to the negative effects of UV light exposure and income inequality than were white women (for UV light exposure in black women, β = 0.01 (SE, 0.002), P < 0.001; for Gini coefficient in black women, β = 0.26 (SE, 0.12), P = 0.04, adjusted R 2 = 0.45; for UV light exposure in white women, β = 0.005 (SE, 0.001), P < 0.001; for Gini coefficient in white women, β = −0.08 (SE, 0.06), P = 0.17, adjusted R 2 = 0.30) (Figure 3 ). Disparity in PTB was similarly highest in areas with greater UV light exposure and income inequality (for UV light exposure, β = 0.006 (SE, 0.003), P = 0.03; for Gini coefficient, β = 0.30 (SE, 0.15), P = 0.05, adjusted R 2 = 0.19). Each 1-point increase in UV index value was associated with a 0.6% greater racial disparity in PTB, whereas each 0.1-point increase in Gini coefficient was associated with a 3.0% greater racial disparity in PTB. UV light exposure was more strongly associated with PTB risk among black women than among white women, whereas Gini coefficient was unrelated when looking at PTB risk within each racial group (for UV light exposure in blacks, β = 0.02 (SE, 0.003), P < 0.001, adjusted R 2 = 0.45; for Gini coefficient in whites, β = 0.20 (SE, 0.16), P = 0.21, adjusted R 2 = 0.45; for UV light exposure in whites, β = 0.01 (SE, 0.002), P < 0.001; for Gini coefficient in whites, β = −0.09 (SE, 0.11), P = 0.40, adjusted R 2 = 0.34).
DISCUSSION
This study evaluated the hypothesis that variation in UV light-induced vitamin D synthesis among racial groups is an important contributor to disparities in adverse birth outcomes in the United States (14-17). The prediction was that there would be lower racial disparities and absolute rates of LBW and PTB among women living in areas with higher UV light exposure. Contrary to the predictions of the UVD hypothesis, there was a positive relationship between UV light exposure and absolute rates of LBW and PTB, as well as racial disparity in LBW and PTB. Because an increase in UV light availability decreases the likelihood of vitamin D insufficiency, these data do not support the UVD hypothesis.
Given the UVD hypothesis, we would expect that women who live in the South would have better birth outcomes than those living in the North. However, the present analysis suggests the exact opposite, with absolute rates-as well as racial disparities-in birth outcomes being greatest in southern states. Importantly, lower adverse birth outcomes among black mothers in areas with less UV light (higher latitudes) drives the reduction in the LBW/PTB disparity rather than higher adverse outcomes in white women who live in states with less UV light. Notably, the 2 states with the lowest racial disparity in LBW and PTB, North Dakota and Vermont, had the second and third lowest UV index scores, respectively. Analysis of additional economic, social, and health variables suggests that the positive relationship between UV light exposure and birth outcomes may be confounded by variables unrelated to UV light availability. For example, poverty rate is significantly correlated with UV light exposure (Table 1) and is significantly higher in states at lower latitudes compared with those at higher latitudes (Table 2) . Further, states with greater income inequality had higher disparities in LBW and PTB across the UV light spectrum (Figure 2 ). After we controlled for UV light availability, Gini coefficient remained a significant positive predictor of disparity in LBW and PTB. Gini coefficient and similar socioeconomic variables that covary with latitude and UV light availability in the United States are therefore likely contributing to the positive relationship we found between UV light availability and adverse birth outcomes.
The results of this analysis are supported by recent literature that calls into question the link between vitamin D status and birth outcomes. For example, a recent Cochrane review evaluated the results of 6 randomized control trials and found no association between vitamin D supplementation in pregnancy and PTB, although there was a borderline association between vitamin D supplementation and the risk of LBW in offspring (53) . In studies that have reported relationships between vitamin D status and adverse birth outcomes, the results are often inconsistent among racial or ethnic groups. For example, a recently published article found an association between spontaneous PTB risk and vitamin D levels among African American and Puerto Rican mothers but not among white mothers (26) , whereas another study found that vitamin D status was associated with the risk for having small-forgestational-age offspring in white but not black mothers (54) . These results suggest the possibility of confounding by other social or economic variables that may differentially increase the risk of adverse birth outcomes among racial groups.
Although evidence suggests that the UVD hypothesis is not the primary predictor of birth disparities in the United States, there is substantial anthropological and public health research suggesting that skin color and racial classification may influence health risk through other mechanisms, such as social discrimination. For example, Gravlee et al. (55) showed that social descriptors of race in Puerto Rico are more predictive than actual skin color or genetic ancestry markers of blood pressure, which is a marker of cardiovascular disease risk. In relation to birth outcomes, a study by Landale and Oropesa (56) found that darker skin was associated with higher incidence of LBW offspring among Puerto Rican women living in areas of the United States with lower concentrations of fellow Puerto Rican immigrants, potentially because of more experience of ethnic discrimination.
One pathway by which social and economic factors may affect maternal health and the risk of adverse birth outcomes is through psychosocial stress and activation of 1 of the neuroendocrine systems associated with the stress response-the hypothalamic-pituitary-adrenal axis. Cortisol levels have been associated with variables such as poverty (57), neighborhood violence (58) , and perceived discrimination (59) , which may vary across geographical regions. Women with higher cortisol levels are more likely to give birth preterm (60) to infants of lower birth weight (61) . It is therefore possible that changes in maternal stress physiology resulting from psychosocial stress facilitated the relationship between income inequality and adverse birth outcomes in the present analysis (33, 62) .
Another possible explanation for the results reported here is that greater heat stress drives the positive relationship between adverse birth outcomes and UV light availability. In a study of 140 populations from around the world, Wells and Cole (63) found that greater heat stress was associated with lower birth weight. In the current analysis, average temperature and UV index value were strongly correlated (Table 1 ). Therefore, it is possible that heat stress may provide a biological explanation for why birth outcomes are worse overall in southern states. However, this hypothesis does not explain why the environmental gradient in birth outcomes was stronger in blacks than in whites in the present analysis.
This study relied on UV light availability data to infer maternal vitamin D status, which is a method that has been used previously in epidemiologic studies evaluating associations between UV light exposure and vitamin D-sensitive health outcomes (34) (35) (36) (37) (38) (39) . Although there is seasonality to UV light exposure and associated seasonal variation in serum vitamin D levels, in this analysis, average UV light exposure was calculated across seasons to create a mean exposure rating, consistent with the methods of prior studies (37, 38) . Although this analysis is strengthened by the fact that UV light data were acquired for the same year for which birth records were collected (in 2007), this study would be improved if it were possible to directly assess circulating levels of vitamin D among pregnant women. Other factors, including genetic differences in vitamin D synthesis and metabolism (64) or behavioral differences related to diet, clothing, or the amount of time spent outside, could also influence group differences in vitamin D levels (65) (66) (67) . Notably, behavioral differences could reflect cultural differences surrounding leisure activities, as well as structural differences such as the availability of free time to spend outside or access to safe outdoor areas. It is also possible that there are racial differences in sensitivity to vitamin D deficiency. In particular, it has been hypothesized that blacks may have evolved renal and skeletal adaptations to accommodate vitamin D deficiency, and this may explain the finding that adverse health outcomes tend to be more commonly associated with vitamin D status in whites compared with blacks (68) (69) (70) . This could explain why a recent study found that poor vitamin D status during pregnancy predicted the risk of subsequent delivery to smallfor-gestational-age infants among white but not black mothers (54) .
Another important limitation in the present study was the use of LBW as opposed to small-for-gestational-age as a metric for fetal growth rate. Reduced growth rate, as opposed to PTB, is thought to be more strongly associated with longterm adverse health outcomes and, therefore, is important from the perspective of early-life programming of adult disease risk (71, 72) . However, the categorical nature of the available data made calculation of small-for-gestational-age rates impossible. That said, LBW is still a useful birth outcome indicator because, even without adjustment for gestational age, it has been strongly associated with numerous short-and long-term health outcomes (73) . Future studies would be improved by calculating the relationship between UV light exposure and LBW, as well as small-for-gestationalage infants in the United States and in other samples.
State-level health and economic data were used, and these data are limited in their ability to capture individual variability. Despite this, the fact that income inequality within each state was strongly related to disparities in rates of LBW and PTB indicates that such inequalities are important contributors to racial disparities in birth outcomes in the United States.
In summary, this analysis evaluated whether differences in UV light availability contribute to racial disparities in adverse birth outcomes in the United States. The prediction was that lower UV light availability would be associated with higher rates of LBW and PTB, as well as racial disparity in these outcomes, because vitamin D deficiency is higher in such environments. Contrary to the predictions of the UVD hypothesis, absolute rates of adverse birth outcomes, as well as racial disparities in birth outcomes, were greatest in southern states where UV light availability was highest. This argues against the hypothesis that an inability to produce sufficient vitamin D is a major contributor to birth disparities in the United States and suggests instead that other environmental factors that positively covary with UV light availability in this context, such as income inequality or heat stress, may be driving the relationship. Future research should address other social, economic, and environmental factors that follow a south-to-north gradient in the United States to explain the environmental origins of racial disparities in birth outcomes.
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